Summary The generation of hydrogen peroxide (H202) and the derivative free hydroxyl radical (-OH) in cultures of mouse cells grown in the presence of visible light and ambient oxygen was shown previously to be implicated in chromatid damage. Furthermore, chromosome alterations appear to be associated with the spontaneous neoplastic transformation of mouse cells in culture. An attempt was made in this study to reduce the incidence of chromosomal aberrations and delay or prevent the onset of spontaneous neoplastic transformation of freshly isolated mouse cells, both fibroblasts and epidermal keratinocytes, by adding catalase to the culture medium, shielding the cultures from wavelengths < 500 nm and providing a gas phase of 0-1% 02-These conditions significantly decreased the incidence of chromosomal aberrations in both cell types, and in fibroblasts prevented tumourigenicity in non-irradiated syngeneic mice, and increased latent periods for tumour development in X-irradiated mice. The epidermal keratinocytes were particularly resistant to spontaneous neoplastic transformation under all conditions tested. These observations on the protective effect of extracellular catalase suggest that H202, a normal metabolite, and/or the derivative -OH can directly or indirectly produce genetic damage and neoplastic transformation in mouse fibroblasts.
The introduction of banding techniques for the analysis of chromosomes with recent developments in molecular biology has revealed chromosome aberrations in most human neoplasms and nonrandom translocations in certain mouse and human tumours that appear to activate cellular oncogenes (Land et al., 1983; Potter et al., 1984; Yunis, 1983) . Chromosomal aberrations such as translocations, deletions and duplications may also play a role in the spontaneous neoplastic transformation of rodent cells in culture. Cells from diverse normal tissues of the mouse, rat, Syrian hamster and Chinese hamster are known to undergo spontaneous neoplastic transformation after variable periods of culture (Sanford, 1965; Sanford & Evans, 1982) . The transformed cells grow as malignant neoplasms when implanted in syngeneic or compatible hosts. Such transformations, though rare, have also been reported in human cells (Mukherji et al., 1984; Nakagomi & Ishida, 1980) .
In 1958, Levan and Biesele showed that chromosomal irregularities precede the onset of malignancy in cultures of mouse cells and suggested a causal relation between the two phenomena. Numerous subsequent studies sought but failed to obtain conclusive evidence for such a relationship or the identification of a specific chromosomal alteration in spontaneous mouse or rat transformations in culture (Jackson et al., 1970; Sanford et al., 1970) . However, culture conditions that accelerate or increase the incidence of neoplastic transformation in mouse cells also increase the frequency of chromosomal aberrations. These conditions include the type of serum used to supplement the culture medium, i.e., horse as compared with foetal bovine serum (Evans & Andresen, 1966; Evans & Sanford, 1978) , repeated exposure of cultures to cool-white fluorescent light and a relatively high concentration of dissolved oxygen (Parshad & Sanford, 1971; Sanford et al., 1979; Cooper et al., 1982) . Furthermore, in comparing cells of different species, including the mouse, hamster, rat and man, the incidence of spontaneous neoplastic transformation appears to correlate with chromosomal instability in culture. The frequency of transformation and the magnitude of genetic damage in cells from these different species may reflect differences in susceptibility to chromosomal DNA damage or in capacity for its repair.
The combined impact of light and oxygen on cells in culture generates photo-products including hydrogen peroxide (H202) (Wang & Nixon, 1978; Taylor & Camalier, 1982) which is also a metabolite (Chance et al., 1979) ; H202, in turn, may give rise to the clastogenic free hydroxyl radical (-OH) through the Fenton reaction (Singh, 1982) . The chromatid breaks and interchanges seen in the first metaphase following exposure of mouse or human cells to fluorescent light (effective wavelength 405 nm in the visible range) can be almost completely prevented by adding catalase to the cultures during light exposure, an observation implicating H202 as a causative agent (Parshad et al., , 1980b . Intra-cellular catalase activity is known to decrease markedly soon after initiation of cells in culture (Peppers et al., 1960; Parshad et al., 1980a) . Mannitol, a scavenger of *OH, also significantly decreases the chromatid damage (Parshad et al., 1980b) . In view of these observations, we have attempted, in the present study, to reduce the incidence of chromosomal aberrations and delay or prevent the onset of spontaneous neoplastic transformation of freshly isolated mouse cells, both fibroblasts and epidermal keratinocytes, by adding catalase to the culture medium, shielding the cultures from wavelengths < 500 nm and providing a gas phase of 0-1% 02.
Materials and methods
Cells and culture procedures Embryo cell lines were initiated from 4 pools of minced 11-12 day C3Hf/HeN or C3H/HeN-MTVembryos. Cultures were carried in Pyrex T-15 flasks in 3 ml Dulbecco's modified Eagle's medium (DMEM, MA Bioproducts, Walkersville, MD) supplemented with 10% foetal bovine serum (Flow Laboratories, Inc., McLean, VA, USA). Pyrex rather than plastic flasks were used for more precise control of dissolved oxygen (PO2) (Chapman & Sturrock, 1969) . Medium was renewed three times weekly when cultures were gassed with a humidified mixture of 10% CO2 in air (18% 02) except as indicated. No antibiotics were used and cultures were negative for mycoplasma by direct and indirect tests (Flow Laboratories). Cultures were passaged (1:2 or 1:4), usually at weekly intervals, by an initial rinse with versene (1:5000, M.A. Bioproducts) in Ca + + Mg + + -free saline, followed by cell dispersion with 0.1% trypsin (3 x crystallized, Worthington, Freehold, NJ). Except as indicated, cultures and medium in this laboratory were not exposed to light of wavelength <500 nm since all manipulations were carried out under gold or red light.
A line of epidermal keratinocytes, NCTC 10313, was initiated from 1 day-old C3Hf/HeN mice essentially by the method of Hennings et al. (1980) (Snedecor & Cochran, 1980) . Chromosome preparation and analysis Cells (5 x 104) in 2 ml of medium were inoculated into Leighton tubes, each containing a 9 x 50mm No. 1 coverslip. After 48 h incubation at 37°C, colcemid (O.l pgml-1) was added for 1h of additional incubation. Cells were processed in situ on coverslips by techniques described (Gantt et al., 1978) . Analyses were made on randomized, coded preparations; 4 cultures were used for each variable, and 100-200 metaphase cells were studied per variable. Abnormalities scored as chromatid breaks show distinct dislocation and misalignment of the chromatid fragment, whereas chromatid gaps are achromatic lesions, longer than the chromatid width, with no dislocation of the segment distal to the lesion. Minutes are chromosomes less than one half the length of the shortest chromosome of the mouse karyotype.
Experimental procedures Cells were grown with and without exogenous catalase, intermittent light exposure and 0% 02 to assess their influence on chromosome stability and neoplastic transformation. As indicated (Figure 1 ), two lines of fibroblasts were initiated from each embryo cell pool, one with a supplement of catalase (hydrogen peroxide: hydrogen peroxide oxidoreductase EC 1.11.1.6). A stock solution of catalase (lmgml-', Sigma, 13,00OUmg-1) was stored at -20°C in small aliquots, thawed for single use only, and 10 ugml-l added to the cultures at each fluid renewal. Some cultures of cell pool IV ( Figure 1 ) were grown with a gas phase of 0% 02: 10% C02: 90% N2 which yields an initial dissolved 02 Taylor & Camalier, 1982) . Some cells were transferred from 0% to 18% 02 (Figure 1 ) at the 14th passage (182-187 days in culture), and catalase treatment was discontinued.
As indicated (Figure 1 ) certain cultures of cell pool III were exposed once a week for 24h at 37°C directly after medium renewal to cool-white fluorescent light (Westinghouse F15T8-CW); light intensity was 5 W m 2 at the growth surface measured by an IL 700 Research Radiometer (International Light, Inc., Newburyport, MA, USA). Certain cultures of cell pool IV were exposed to light as above twice a week for 10 h directly after medium renewal.
A subline of the epidermal keratinocytes was carried with exogenous catalase (10 Mgml-1) during all but the first passage in culture. A second subline was carried with exogenous catalase from the time of recovery from liquid nitrogen. Some cultures were exposed weekly to 5 h fluorescent light as described above.
Catalase activity The effect of fluorescent light (5 Wm-2) on catalase activity (10 gml-') at 37°C in culture medium the four mouse embryo cell pools. A" = catalase (15ml DMEM with 10% foetal bovine serum in a Pyrex T-60 flask) or in PBS (0.0 M sodium phosphate, 0.9% NaCl, pH 7.2) with riboflavin (0.4 g ml-') was determined. At various times during exposure, a 0.5 ml sample was removed, added to 1.5ml PBS in a 3ml cuvette (10mm light path) and an absorbance (254 nm) baseline established with a Gilford model 240 recording spectrophotometer. Then 1OMI of 30% hydrogen peroxide was added to the cuvette with rapid mixing which increased the absorbance -~0.990 units. Enzyme activity was determined from slope of the absorbance decline between 0.700 and 0.600 units.
Results

Chromosomal aberrations
The addition of catalase to the cultures of mouse embryo fibroblasts from the time of initiation significantly reduced the incidence of chromosomal aberrations (Table I ). The pattern for each pair of cell lines with and without catalase was similar. Differences in minutes and metacentrics were more significant at later passages, whereas differences in chromatid breaks and gaps were more significant at earlier passages when each of these types of aberrations is more likely to occur. The incidence of In two experiments on epidermal keratinocytes, addition of catalase was associated with a decreased incidence of both metacentric (P< 10-6) and minute (P = 0.025) chromosomes when results of the experiments were combined and analyzed by the Mantel-Haenszel test (Snedecor & Cochran, 1980) (Figure 2 (Table II) cells grown with catalase and 0% oxygen failed to produce tumours in nonirradiated syngeneic mice but did grow as sarcomas after a prolonged latent period in some but not all X-irradiated mice. In contrast, cells cultured without catalase and with 18% oxygen grew as sarcomas in both non-irradiated and/or Xirradiated mice. Tumour latent periods for sublines of NCTC line 10706 were significantly shorter in both non-irradiated and X-irradiated mice than observed for cells grown with catalase and 0% oxygen (P < 10-5). Repeated exposure of cells to light in the absence of catalase did not further increase tumourigenicity as measured by a shortened tumour latent period. However, an influence of light exposure on tumourigenicity has been observed previously . Addition of catalase, lowered 02 tension, and/or light shielding thus appear to delay or prevent the onset of tumourigenicity in mouse fibroblasts.
In contrast to mouse embryo fibroblasts, mouse epidermal keratinocytes under the culture conditions of this study appeared refractory to neoplastic transformation. Cells were assayed in Xirradiated syngeneic mice after 47 and 56 weeks in culture. In each assay, 5 mice were implanted with (i) untreated cells, (ii) cells treated with catalase from the 13th week in culture, (iii) cells grown with catalase and exposed weekly to 5h fluorescent light from the 43rd week in culture, and (iv) cells grown without catalase and light exposed as in (iii). No tumours developed in the total of 40 mice implanted.
Catalase activity The failure of catalase to provide complete protection for light-exposed cultures suggested that catalase activity might be unstable in the presence of light. Catalase activity in culture medium exposed to fluorescent light at 37°C was found to decline, whereas in light-shielded medium activity remained relatively high (Figure 3) . A similar rate of decline in catalase activity was observed when lightexposed in a saline solution containing riboflavin at the concentration in DMEM; riboflavin has been shown to be a photosensitizing agent in culture medium (Wang & Nixon, 1978) and is probably responsible for the inactivation of added catalase. A 5-fold increase in riboflavin in either saline or medium did not further increase the rate of inactivation, which appeared, therefore, to be maximal by 0.4 jug ml -1. H202, in turn, may give rise to the clastogenic *OH as suggested by the effectiveness of mannitol, an *OH scavenger, in reducing light-induced chromosomal damage (Parshad et al., 1980b (Parshad et al., , 1982b . The H202 may arise endogenously from metabolic processes or be generated intracellularly or in culture medium on exposure of cells or medium to visible light and ambient 02 (Parshad et al., 1980b; Wang & Nixon, 1978) . In view of the low catalase activity of mouse cells in culture (Parshad et al., 1980a; Peppers et al., 1960) , the generation of H202 may be a source of cell injury and chromosomal DNA damage. Although exogenous catalase can readily enter the cell through pinocytosis, it probably acts to destroy H202 passing freely between cells and culture medium.
In contrast to fibroblasts, the epidermal keratinocytes, though showing chromosomal aberrations, were particularly resistant to spontaneous neoplastic transformation, possibly because of their less rapid cell cycling during early in vitro growth and their adjustment of the dissolved 02 concentration of the culture medium (Taylor & Camalier, 1982; Taylor, unpublished observations) . Since lesions introduced into DNA during S phase, if unrepaired, may lead to DNA replication errors, rapid cell cycling may increase the risk of fixation of genetic alterations and ultimate neoplastic transformation. Furthermore, the more rapid consumption of 02 by mouse epidermal keratinocytes than fibroblasts maintains an environmental PO2 comparable to intercellular fluids in vivo and thus tends to mitigate oxidative cell injury and genomic damage.
It should be noted that catalase did not prevent the development of heteroploidy which can result from deficient spindle function, incomplete cytokinesis or cell fusion (McQuilkin & Earle, 1962) . As noted earlier, mouse cells, in contrast to human cells in culture, show chromosomal instability and quite regularly undergo spontaneous neoplastic transformation. They are also reportedly less efficient in nucleotide excision repair of DNA damage (Yagi, 1982) . Furthermore, they tend to undergo a tetraploid shift during early culture, a process that may be important for cell survival (Parshad et al., 1968) . Because of the tetraploid complement of chromosomes and the development of heteroploidy, mouse cells may survive loss, deletions and translocations of chromosomes that in human diploid cells would be lethal. These unique properties of mouse cells may account for their high rate of spontaneous neoplastic transformation in culture.
